Introduction
In continuous casting of steel, the mold fluxes play important roles; as a lubricant assisting and heat transfer from the strand to the mold, thermal insulation for the top surface of the molten pool from the atmosphere, protecting the steel from reoxidation and the surface of the strand from absorption of non-metallic inclusions. Thus the mold fluxes may possibly prevent many casting defects. [1] [2] [3] In particular, the horizontal heat transfer from the strand to the mold affects frequency of longitudinal cracks occurrence in the steel surface. 1, 4) The frequency tends to decrease when the heat flux from the strand to the mold decreases. 5) One of the most effective means to decrease the heat flux is to use highly crystallizing mold flux. A crystalline layer in slag film yields better thermal insulation because it produces the air gap at the flux/mold interface and scatters infrared radiation from steel. [6] [7] [8] [9] [10] [11] [12] Ozawa et al. has reported about the effect of crystallization on thermal conductivity and radiation conductivity in several annealed commercial fluxes. 13) The authors have focused on the compound, cuspidine (3CaO · 2SiO 2 · CaF 2 ), which crystallizes in the crystalline layer in flux films. 3) Since cuspidine is the primary crystalline in almost all commercial mold fluxes, controlling the crystallization of cuspidine is a key component in controlling the horizontal heat flux. Hanao et al. achieved a highspeed casting of 5 m · min Ϫ1 using high-crystallizing mold flux and demonstrated that the crystallized cuspidine is effective for mild cooling. 5) The commercial flux compositions have been determined empirically. We have reported the phase diagrams for cuspidine and the standard Gibbs energy of formation of the cuspidine based on the idea that thermochemical data of cuspidine are useful to optimize the mold flux composition. 14, 15) Though the CaO-SiO 2 -CaF 2 system is an important sys-tem, actual commercial mold fluxes constitute many compounds. The alkali oxides are also important components to meet the various requirements as a mold flux; melting point, viscosity, consumption rates and so on. They also influence the crystallization properties of the mold flux. In this study, the effects of the addition of alkali oxides on the cuspidine precipitation properties in the CaO-SiO 2 -CaF 2 -M 2 O (MϭLi, Na, K) glass system were investigated in the isothermal annealing conditions and the heating process.
Experimental Procedure

Sample Preparation
The nominal compositions of the synthesized samples are shown in Table 1 . Reagent grade powders of CaCO 3 (99.5 mass%), SiO 2 (99.9 mass%), CaF 2 (99.98 mass%), NaF (99.5 mass%), Li 2 O (Ͼ99 mass%) and K 2 CO 3 (99.5 mass%) were used as starting powders. These powders were weighed at various initial compositions and mixed with an alumina mortar and pestle. The powder was melted in platinum crucibles at 1 723 K in a dried argon atmosphere for
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1.8 ks. Each sample was quenched by pressing with two copper plates. It was confirmed that the samples were amorphous by X-ray diffractometry (XRD; Rigaku Co. RINT-TTR-3C/PC). The standard cuspidine (3CaO · 2SiO 2 · CaF 2 ) sample used in the internal reference method was prepared from the melted compound of a stoichiometric mixture of the CaO, SiO 2 and CaF 2 powders in a platinum hermetic capsule by slow cooling.
Crystallization in Isotherms
Samples were annealed in a dried argon atmosphere in the temperature range from 723 to 1 123 K for various holding times. The samples were then taken out from the furnace and cooled to room temperature in air. The phases and the cross-sectional microstructure of these samples were analyzed using XRD and electron probe microanalysis (EPMA; Shimadzu Co. EPMA-1610).
Quantitative Analysis by Internal Reference
Method Crystallinity of cuspidine was determined by the internal reference method using XRD. Although the meaning of "crystallinity" is frequently used as the perfectibility of the crystal, this word means the volume fraction of the crystal in the sample in this report. The corundum (a-Al 2 O 3 : PDF#45-1212) powder was employed as a reference material because it is chemically stable and does not show preferential orientation when it is crushed. The crystal structure of cuspidine is monoclinic and the cuspidine (PDF#41-1474) powder has a preferential orientation. 16, 17) In order to eliminate the orientation effect, the cuspidine powder and cellulose adhesive were mixed and grounded. The amorphous glass used as a diluent, and the synthesized cuspidine were mixed at various ratios (100 : 0, 75 : 25, 50 : 50, 25 : 75 and 0 : 100). The same amount (by weight) of the corundum powder and a small quantity of cellulose adhesive were then added and mixed into the standard sample using an alumina mortar and pestle.
XRD was carried out with the CoKa radiation with accelerating voltage of 40 kV and filament current of 250 mA. Using a carbon single crystal, the parallel X-ray beam is obtained as an incident beam. About 20 mg of sample powder was set on a glass holder. For determining crystalinity of the samples, the XRD measurements were carried out in the 2q range between 25 and 40 degree, which include both the 122 reflection of cuspidine and the 012 reflection of corundum, at a scanning rate of 0.5 degree · min Ϫ1 and a scanning step of 0.005 degree · step Ϫ1 . 17) Each sample was measured at least seven times to confirm the reproducibility. The XRD profiles were curve-fitted using the fitting program, JADE 5.0 (Materials Data Inc.), and the integrated intensity of each reflection peak corresponding to cuspidine and corundum is obtained. An analytical curve for the cuspidine crystallinity was constructed using the mixtures of the standard cuspidine and the corundum powders with the various ratios.
The XRD patterns for the annealed samples were treated in the same procedure as described above and the crystallinity was evaluated from the analytical curve.
DTA Measurement for Crystallization
The crystallization temperature and glass transition temperature were determined by DTA (ULVAC RIKO Inc. TGD-9700). The sample was ground and the grains which were within the size range of 38 to 63 mm were selected using various sieves. The sample was weighed at 27.5 mg and stuffed in a platinum holder with a 4 mm inner diameter. Prior to the experiments, thermocouple was calibrated using melting temperatures of silver and gold, which are 1 254.9 K and 1 337.4 K, respectively. Dried argon gas was passed through the reaction chamber at a flow rate of 50 cm 3 · min Ϫ1 (SPC) during the DTA measurement. Corundum powder was used as a reference material. The sample was heated up to 1 273 K at various heating rates between 2 and 20 K · min Ϫ1 and cooled at a cooling rate of 100 K · min Ϫ1 . The peak temperature was defined as a crystallization temperature. Table 2 shows the relationship between the annealing condition and the volume fraction of precipitated cuspidine. The volume fraction of the precipitated cuspidine in the (100Ϫx)(45 mass%CaO-42 mass%SiO 2 -13 mass%CaF 2 )x mass%Na 2 O glasses is plotted as a function of the anneal-© 2008 ISIJ ing time at 973 K in Fig. 1 . Each curve has three stages, i.e. incubation, rapid increase and plateau stages, depending on crystallinity. The incubation period and the amount of time required for saturation were monotonically reduced with an increase in Na 2 O concentration. The highest saturated crystallinity is obtained for the sample with 4 mass% Na 2 O concentration. Over 6 mass% Na 2 O addition decreases the saturated crystallinity. Table 3 summarizes cuspidine crystallinity of glass 1, N2, N4, L2 and K1 in various temperatures and annealing times. Figures 2, 3, 4 , 5, and 6 shows the relationship between the annealing time and the cuspidine crystallinity for glass 1, N2, N4, L1 and K1 in volume percent, respectively. For all the samples, the incubation time decreased with in-creasing the annealing temperature. As will hereinafter be described in detail, the rate of crystallization considerably accelerates over the crystallization temperature determined by DTA shown in Table 4 . The saturated crystallinities remained the same regardless of the annealing temperatures. In case of the several samples, which were held at high temperature and for a long time, a certain amount of CaO · SiO 2 (wollastonite-2M: PDF#27-0088) precipitated. The peak owing to 202 reflection of wollastonite (dϭ 3.090 Å) overlaps that of cuspidine (dϭ3.061 Å). 17) The overlap negatively affected the evaluation of crystallinity. Though the fitting program was able to separate these peaks and the peak area owing to 202 reflection of wollastonite was small, it resulted in an enlargement of error bar in the © 2008 ISIJ Table 3 . Cuspidine crystallinites in volume percent of the annealed glasses in various conditions.
Results
Crystallization in Isotherms
figures.
As shown in Fig. 5 , the glass L1 (2 mass% Li 2 O) crystallizes at much lower temperatures than Na 2 O containing glasses, though the saturated crystallinity was lower than Na 2 O containing glasses. As shown in Fig. 6 , the glass K1 (2 mol% K 2 O) glasses crystallizes slower than other glasses. Comparison of the crystallization rates among the glasses will be discussed later with the DTA results in which the glass transition and crystallization temperatures are determined. Figure 7(a) shows a cross-sectional view of a back-scattered electron (BSE) image of glass 1, annealed at 1 173 K for 480 min. Precipitated cuspidine crystals are unevenlylocated on the surface and grew inward. The inset of Fig.  7 (a) can be seen in Fig. 7(b) . The shape of the crystals appears like dendritic structures, despite precipitation from solid phase. Since the free surfaces were cooled more slowly than the opposite (quenched) side which came into contact with the copper plate, fine crystals sometimes appear on the free surface during quenching process. To examine the effects of these fine crystals near the surface on the crystal formation, both 'as quenched' and the 'surface ground off' glass samples were prepared. Surface crystallization occurred with or without surface grinding. Thus cuspidine is nucleated on the surface of glasses as a hetero- geneous nucleation. Although the glass surface was covered with precipitated cuspidine crystals, there are only a few crystals on the internal side. This result explains the tendency for the saturated crystallinity of glass 1, as shown in Fig. 1 , to be much lower than the ideal crystallinity. Figure 8 shows cross-sectional BSE images of glass N1 and N4 annealed at 1 123 K for 480 min and 973 K for 2 min, respectively. Cuspidine crystals were dispersed homogeneously in the glasses and the shapes of crystals were gradually rounded with an increasing of Na 2 O content as contrasted with glass 1. As shown in Fig. 8(a) , surface and bulk crystallization occurred in parallel on glass N1. The shape of bulk crystallized cuspidine was rounded. It suggests that the interfacial energy between cuspidine and the matrix was increased by Na 2 O addition. Impurities which can be starting points of hetero-nucleation were not observed in the samples.
Observation of Microstructure by EPMA
The numbers of crystals in the area of 200ϫ200 mm 2 for the glass N4, which was annealed at 1 073 K for (a) 2, (b) 4 and (c) 480 min are indicated in Fig. 4 . They were (a) 356, Fig. 4 . The numbers of crystals in (a) and (b) were almost equal, which suggests that the rapid increase period corresponds to the crystal growth process without nucleation. The number of crystals in (c) decreased with maintained crystallinity as the precipitated crystals grew together in the plateau stage. Figure 9 shows the cross-sectional views of BSE images for the glass K1 and L2 respectively annealed at 1 123 and 1 023 K for 15 min. The shapes of the precipitated crystals depend on the additive oxides. The crystals in the glass K1 have an irregular dendritic-shape while that in glass L2 are agglomerates of small grains. The shapes of the crystals depend on the composition which might affect the interfacial free-energy between cuspidine and the glass matrix. Figure 10 shows DTA curves for (100Ϫx)(45mass% CaO-42mass%SiO 2 -13mass%CaF 2 )-x mass%Na 2 O (xϭ0, 2, 4, 6, 8) at a heating rate of 25 K · min Ϫ1 . One broad and sharp peaks are observed corresponding to crystallization. In each curve, a small gap from the baseline appears around 800-950 K. They are the changes of heat capacity due to a glass transition. In this study, the glass transition temperatures were determined as the starting point of deviation from the baseline as shown in enclosed area in Fig. 10 . These exothermic peaks were identified by comparing the XRD profile of the sample quenched from the temperature just before the reaction took place (before the onset of the peak) with the profile of the sample quenched from the temperature in which the reaction completed (above the peak). Table 4 summarizes the crystallization temperature and detected phases in DTA measurement. These peaks gradually shifted to lower temperatures with an increase of Na 2 O content. The first exothermic peak corresponds to cuspidine precipitation. The second precipitated phase was wollastonite-2M (CaO · SiO 2 : PDF#27-0088) for the sample containing up to 2 mass% Na 2 O. Over 4 mass% Na 2 O, the second precipitated phase was changed from wollastonite to CaO · 3SiO 2 · Na 2 O (PDF#12-0671). The peak intensity of cuspidine decreased with an increase of Na 2 O content. This trend agrees with that of isothermal condition as shown in Fig. 1 . Table 5 summarizes the relationship between the observed crystallization temperature of cuspidine (T c ) and heating rate (a) for the glasses 1, N2, N3, N4, K1 and L1. The glass transition temperature was decreased by adding the alkali oxides in the following order, Li 2 OϾNa 2 OϾK 2 O. Exothermic peaks owing to cuspidine crystallization were observed in each DTA curve and shifted to higher temperatures with an increase of heating rate. Other peaks were observed at higher temperatures than that of cuspidine precipitation. The magnitude of lowering glass transition and crystallization temperatures in 2 mol% alkali oxide addition were 10-50 K and 60-100 K, respectively.
Determining Crystallization Temperature by DTA
Discussions
Effect of Alkali Oxides on Saturation Value of
Cuspidine Crystallinity Ratio of experimentally obtained saturated and calculated maximum amount of the cuspidine phase and time required to saturation are plotted as a function of the Na 2 O concentration in Fig. 11 . The maximum amount of the phase was calculated by assuming that all fluorine atoms in the glass contribute to construct the cuspidine crystal. The saturated amounts of cuspidine phase for the samples containing 4 and 6 mass% Na 2 O rose to 90 % of the maximum amounts, while, those containing over 8 mass% Na 2 O were much lower than the maximum. From the thermodynamic aspect, the following substitution reaction should be taken into account, in this CaO-SiO 2 -CaF 2 -Na 2 O system.
Na 2 O(s)ϩCaF 2 (s)ϭCaO(s)ϩNaF(s, l)
DG°ϭϪ135-131kJ (1 400-1 700 K) 18) Assuming the activity of each component is unity, the equilibrium should shift to right hand. However, in the low Na 2 O region, the actual Na 2 O activity is much lower because of the strong affinity of SiO 2 . 19) In this situation, the equilibrium shifts to left hand. Since the fluorine atoms are coordinated with the calcium atoms, cuspidine crystallizes in the slag. As increasing the Na 2 O content, the equilibrium shift to right hand and fluorine atoms are coordinated with sodium atoms. Thus the amount of cuspidine decreases by excess Na 2 O addition. The tendency of cuspidine crystallization reflects the coordination geometry around the fluorine atoms. 20) The fluorine coordination depends on the activities of the components. In the present study it appears that the most effective concentration of Na 2 O is 4-6 mass% in terms of the crystallinity in this composition range. In Fig. 11 , the required time for saturation can be interpreted as the rate of crystallization. The crystal growth rates increased monotonically with an increase of the Na 2 O content. The glass transition and crystallization temperatures were lowered by Na 2 O addition as shown in Fig. 10 . Since each glass is thermally active state over the glass transition temperature, the difference between holding temperature and glass transition temperature is an important factor to characterize the crystallization rate. Considering the results of DTA shown in Table 5 , the most effective additive for increasing crystallization rate is Li 2 O because it lowers the glass transition temperature.
Evaluation of Apparent Activation Energy of Crystal Growth Using the Kissinger's Plot
Mass transport of glass contents, diffusion and viscosity of the glass flow, are also dominant factors to determine the rate of crystal growth. These properties are dependent of the slag structure; size of silicate flow unit, interactions among the silicate units and so on. Assuming the precipitation reaction is a first order reaction, Kissinger's formula expresses a relationship between the peak temperature observed by DTA and the heating rate as follows; ln(T c 2 /a)ϭE/RT c ϩconst. 21, 22) where T c , a, R and E are the peak temperature for precipitation, heating rate, gas constant and apparent activation energy for crystal growth, respectively. The slope corresponds to the E/R, setting the ln(T c 2 /a) and 1/T c as ordinate and abscissa, respectively. Activation energies obtained from the gradients of the curves are shown in Table 5 . Alkali oxide addition lowers the activation energy of crystal growth monotonically as shown in Fig. 12 . The order of efficiency for reducing the activation energy in equimolar addition was as follows; Li 2 OϾNa 2 OϾK 2 O.
It is well known that the alkali oxides act on the silicate network as a network modifier. Alkali oxide decomposes to two cations and an oxygen ion. The oxygen ion divides the silicate flow unit as a non-bridging oxygen. 23) Assuming equimolar alkali oxide addition produces same number of non-bridging oxygen, the difference of the apparent activation energy corresponds to resistance of the ion movement in the molten glass owing to the ionic radius. The tendency in which the activation energy is reduced by adding the alkali oxide in the order of Li 2 O, Na 2 O, K 2 O, agrees well with that for the CaO-SiO 2 -M 2 O (MϭLi, Na, K) slag system reported by Yasukouchi et al. 24, 25) As described above, since the alkali oxides affect the coordination states around fluorine in the slag, there should be a correlation between the activity of the alkali oxides and the saturated amount of the cuspidine phase. Alkali oxide addition reduces the glass transition temperature and the apparent activation energy of crystal growth. These two effects enhance the mobility of the components in the slag. Single alkali oxide addition is not effective measure because it has harmful effects on the crystallinity by substitution reaction. Multiple addition is an effective mean by holding down the elevation of activity as well as enhance the mobility of component by breaking the silicate network.
Conclusions
The effects of alkali oxides addition on cuspidine crystallization in mold fluxes are summarized as follows;
(1) Alkali oxides enhance cuspidine crystallization by both lowering melting temperature of the slag and dividing the silicate flow unit in the slag.
(2) Surface crystallization occurs in the CaO-SiO 2 -CaF 2 glass system. The nucleation site changes from surface crystallization to bulk crystallization with increase in alkali oxide addition and the number of crystallization sites was enhanced. The most effective additive among the alkali oxides is Li 2 O for lowering the glass transition temperature and the activation energy for crystal growth.
(3) Though the alkali oxides enhance the crystallization of cuspidine, an excess addition decreases the crystallinity of cuspidine because of the substitution reaction between CaF 2 and alkali oxides. 
